Electroporation technique is widely used in biotechnology and medicine for the transport of various molecules through the membranes of biological cells. Different mathematical models of electroporation have been proposed in the literature to study pore formation in plasma and nuclear membranes. These studies are mainly based on models using a single isolated cell with a canonical shape. In this work, a space-time (x,y,t) multiphysics model based on quasi-static Maxwell's equations and nonlinear Smoluchowski's equation has been developed to investigate the electroporation phenomenon induced by pulsed electric field in multicellular systems having irregularly shape. The dielectric dispersion of the cell compartments such as nuclear and plasmatic membranes, cytoplasm, nucleoplasm and external medium have been incorporated into the numerical algorithm, too. Moreover, the irregular cell shapes have been modeled by using the Gielis transformations.
Introduction
Acoustic, electric, magnetic or optical fields are used for the physical manipulation of biological cells. AC, DC or pulsed electric fields (PEFs) are adopted for the electromanipulation of biological cells in various applications, such as dielectrophoresis, electrorotation, electrodeformation, electrodisruption and electroporation [1] . Several methods including mechanical (microinjection), chemical (lipofection reagents), biological (viral vectors) and physical (sonoporation, magnetofection, electroporation) phenomena have been developed to facilitate the transport of molecules through the cell membrane [2] . In particular, during the past four decades electroporation (EP) technique has gained increasing importance in biology and in medicine [3] . EP is a non-thermal electric phenomenon in which an external PEF triggers the creation of pores on cellular membranes leading to an increase of the membrane permeability [4] . This phenomenon has been used in biotechnology to incorporate various molecules such as genes [5] , DNA [3] , RNA [6] , proteins [7] , drugs [8] , antibodies [9] and fluorescent probes [10] into many different types of cells, like bacterial [11] , yeast [12] , plant [13] and mammalian [14] cells. Moreover, EP can be used for achieving selective killing of cancer cells, tissue ablation as well as for water preservation and non-thermal food processing [1, [15] [16] [17] . Although EP is commonly used in biotechnology and medical applications, the molecular and cellular mechanisms of pore formation and stabilization during the electropermeabilization of membranes are still not fully understood and there are often discrepancies between experimental data and theoretical descriptions of pores creation [18] . Furthermore, the EP effectiveness depends on the cell type, specific structure of the biological membrane, the arrangement of the multicellular system as well as it is associated to the parameters defining the applied electric pulses such as the number, duration, frequency and intensity of the electric field [19, 20] . Taking into account the EP effectiveness constraints and considering that the experimental measurements of the transmembrane voltage (TMV) is essentially limited by the thinness of the cell membrane as well as by the range of pulse duration, a numerical approach is often chosen to give a realistic description of the electric phenomena involved during EP process. A number of numerical models are available in the literature [21] [22] [23] [24] but, to overcome computational difficulties, each one suffers of some limitations. More precisely, the main problems concerning the calculation of the local electric field and the TMV lie in the thinness of the membrane, in the high contrast between the electric properties of the cytoplasm and the cell membrane, and in the different time-domain dielectric response of the cell compartments. In fact, even if the high frequency electric permittivities of cell media are of the same order of magnitude, the static permittivity as well as the conductivity of the plasma and nuclear membranes are much lower than the cytoplasm, nucleoplasm, and extracellular medium ones. Other approximations refer to the cells media having stationary dielectric properties which could lead to significant errors especially when nanosecond PEFs are used. On the other hand, the relaxation times characterizing the dielectric response of the plasma and nuclear membranes are much higher than those of the cytoplasm, nucleoplasm and extracellular media. As a result, further model complexity needs to be taken into account when subnanosecond electric pulses are applied. Finally, most of the numerical computations deal with unrealistic spherical and ellipsoidal cells. Such approximation, strongly affects the model effectiveness since the cell geometry and shape as well as its orientation respect to the direction of the applied electric field have a significant influence on the electric field and current distributions [25] [26] [27] . Because of these modeling weaknesses and with the aim to perform computations on complex cell systems, we present here a full-dispersive and space-time multiphysics numerical model for computing the electric potential, current density, TMV, and pore density in multicellular structures with irregular shaped cells. In particular, it is based on the space-time (x,y,t) quasistatic formulation of the Maxwell's equations and the nonlinear Smoluchowski's equation describing the pore dynamics. The irregular cell geometry has been modelled by incorporating in the numerical algorithm the unified geometrical description provided by the Gielis' superformula [28] [29] [30] . The dielectric dispersion of each cell medium has been modelled considering the multi-relaxation Debye-based relationship. The packed and sparse cell systems consisting of irregular nucleated cells have been investigated. In particular, the effects of the neighboring cells on TMV, pore density, and electroporation relative length (EPRL) have been studied in detail.
Mathematical Formulation

Cells Geometry Model
Actually, in most numerical computations, the cell is modeled as a medium of regular shape without any corner. To overcome such drawback, in the developed numerical modeling a realistic multicellular structures having irregular geometry have been investigated. In particular, it consists of p cells with an inner membrane system, which constitutes boundary membranes of various organelles such as nucleus, mitochondria, endoplasmic reticulum, etc. Figure 1 shows the detail of the generic i-th cell having the plasma membrane and q intracellular organelle membranes. The radius vector describing each membrane profile has been modeled by using the Gielis' superformula [28] [29] [30] given by:
(1)
where i = 1, . . . , p and j = 1, . . . , q, p and M = pq being the total number of cells and membranes, respectively, θ i,j ∈ [−π, π] is the polar angle characterizing the local coordinates system, m i,2j−1 , m i,2j , n i,2j−1 , n i,2j and b i,j ∈ R + (positive real numbers), a i,2j−1 and a i,2j ∈ R + 0 (strictly positive real numbers), A i,j and B i,j are appropriate scaling factors. The unified geometrical description provided by Gielis' transformation allows the tailoring of the irregular membrane shape using analytical formula as well as it translates into the possibility of building a flexible tool to carry out a sensitive analysis to geometrical parameter variations. However, including an offset angle θ 0 i,j , Equations (2)- (4) can be easily extended to study cells with different orientation. Finally, taking into account that the superformula has been used to model the shape and size of each cell forming the whole multicellular system, it is also possible to build more complex arrangements employing multishape cells. 
Complex Permittivity Model
The interaction between PEF and the dielectric cell media takes place in different relaxation processes such as reorientation of dipolar molecules (water molecules, headgroups of membrane lipids), interfacial polarization, ionic diffusion (with respect to ions of different signs of charges), conductivity of surface cell structures (cytoplasmic membrane and electrical double layer), and motion of the molecules. Their resulting behavior causes a frequency dispersion pattern of permittivity and conductivity of the materials forming the cell compartments [31, 32] . The membrane relaxation at low frequency (α-dispersion) is caused by the sarcoplasmic reticulum, gap junctions, and counterion relaxation. Instead, the relaxation at radio frequency (β-dispersion) is mainly due to Maxwell-Wagner effect at the interface between the intra or extracellular solution and the phospholipid membrane. Moreover, because of their smaller size the dispersion of organelles gives an additional contribution to the tail of the β-dispersion [33] .
The analytical theory of the permittivity dispersion of biological cells covering a variety of frequency ranges and bandwidths is constructed using the generalized response function, R(ω), through the following relation
where ε(ω) is the frequency-dependent complex relative permittivity, ε ∞ is the asymptotic permittivity (ω → ∞), ∆ε is the dielectric strength. Many efforts have been made to model the dielectric spectra of biological cells and a well reproduction of the experimental measurements can be obtained by using the multi-relaxation Debye expression
where τ s is the relaxation time relevant to s-th relaxation process, S is the number of dielectric relaxation processes. The developed numerical model takes into account the time-dependent dielectric response of the cell media. In particular, with reference to the generic cell, the dielectric response of the extracellular medium (Ex), cytoplasm and plasma of internal organelles (Pc) has been modeled using the first order Debye relationship (S = 1). On the other hand, the dielectric response of the cell membranes (Mn) has been modeled employing the second order Debye relationship (S = 2). In linear and isotropic medium, the frequency domain equation defining the polarization field, P, as a function of the electric field, E, is
where ε 0 is the permittivity of the free space. Considering that the proposed algorithm solves equations directly in time domain it is essential to derive the time-dependent dielectric response of the cell media. To this aim, by putting Equation (6) in Equation (7) and taking the inverse Fourier transform, the time domain differential equation relating the fields P and E can be obtained. In particular, the temporal evolution of the polarization vectors has been calculated by solving the following differential equations for each cell compartment
where
In Equations (9)- (15), Mn = M i , i = 1, . . . , p, indicates the plasma membrane of the i-th cell and Mn = O j , j = 1, . . . , M − p, indicates the organelles membrane as well as Pc i,j denotes the plasma. The coefficients of the differential Equations (8)- (10) depend on the dielectric properties of each cell compartment. As a result, the developed numerical code can be used to study different cells with various electric and dispersive features.
Electromagnetic Model
Maxwell equations for a dispersive dielectric material can be written as
This vector system is quite complex to solve, especially for realistic multicellular structures. However, due to the cell small size the time-variation of the magnetic field can be neglected leading to a ∇ × E = 0. As a consequence, the electric field E can be derived from a scalar potential φ using the equation E = −∇φ (18) Then, rearranging Equation (16), the following partial differential equation can be derived
where σ is the static ionic conductivity. Moreover, because of the equation of continuity ∇ · J = 0 has to be satisfied, the following boundary conditions are imposed
Γ + , Γ − are the outer and inner boundaries of the cell membranes, respectively, and the normal vectorn is taken outgoing the membrane boundary. In the simulations, the pulsed electric field is generated by using two parallel-plate electrodes placed at the top and bottom of the cell system (see Figure 1 ) and the electric potential for each cell compartment has been calculated by numerically solving Equation (19) . Finally, the TMV is calculated as the difference between the electric potential on the inner and outer boundaries of each cell membrane:
Pore Model
Exposure to applied external electrical field leads to an increase of the TMV, which by means of the membrane poration phenomenon induces an increase of the membrane conductivity. Increased membrane conductivity, in turn, affects the TMV temporal evolution. Modeling both membrane poration and permeabilization consists in deriving equations governing the changes of pore density and membrane conductivity. To this aim, in the developed numerical modeling the dynamic of pore formation is described by the asymptotic Smoluchowski's equation [34] :
where N i,j is the pore density, α and β are EP parameters, V ep is the threshold membrane voltage above which electroporation occurs, N 0 is the pore density at rest, when TMV = 0.
The membranes conductivity due to the pore formation non-linearly depends on the TMV. In particular, it is evaluated at each time step and spatial coordinate as follows [21, 22] :
where σ 0,Mn is the membrane conductivity at rest, σ p,Mn and r p are the internal conductivity and radius of a single pore, respectively, and
where w 0 is the energy barrier inside the pore, η is the relative length of pore entrance area, ν m i,j = (q e /kT)TMV i,j is the non-dimensional TMV, where q e is the electron charge and k the Boltzmann constant.
Results and Discussion
Using the numerical model previously described, the electroporation process has been studied for two types of multicellular arrangements: packed system (see Figure 2a ) and sparse system (see Figure 2b ). Each system is constituted by seven nucleated muscular-like cells (p = 7) and M = 14 membranes. The smooth muscle cell has been chosen as it is nucleated. Moreover, its complex shape justifies the need to implement the Gielis' superformula for a detailed geometrical modelling using a simple mathematical formulation. The shape of the plasma membrane has been modeled by using the superformula parameters A 1 = 4 µm, B 1 = 7.5 µm, m 1 = m 2 = 2, n 1 = n 2 = 0.8, a 1 = a 2 = 1 and b 1 = 0.6. As underlined in Section 2, the implementation of the superformula enables a broad capability to model the geometry of multicellular systems with different shaped plasma membranes and organelles. Such task can be realized by a suitable choice of the superformula parameters characterizing each membrane. Moreover, employing a series of superformulas with non-linear special functions [35] it may be possible to reproduce the borders of more complex shape as endoplasmatic reticulum. In the present study, a nucleus centered in the middle of each cell having a superellipse shape with semi-axis A 2 = 0.75 µm, B 2 = 1.5 µm has been implemented. Table 1 reports the Cartesian coordinates (x s , y s ) of the center of each cell with respect to the origin for both the packed and the sparse systems. 
In our study, both the packed and sparse systems are inside a square computational domain with size 100 × 100 µm 2 . The dispersion properties of all M membranes have been modeled using the same second order Debye expression. This choice can be justified considering that the relaxation phenomena of the nuclear membrane are likely due to the same polarization mechanisms of the plasma membrane. For the extracellular medium, cytoplasm and nucleoplasm the first order Debye expression has been used. The polarization, geometric, electric and electroporation parameters used in the simulations are summarized in Table 2 . The pulse parameters, such as frequency spectrum and power, can be adjusted to obtain the most efficient electroporation for plasma and nuclear membranes. In a previous work [27] , an extensive parametric study was carried out with the aim to evaluate the effects of the electric field intensity, number and pulse duration on the EP process. Therefore, in our specific case the biological systems are exposed to a PEF having rectangular shape with amplitude E = 100 kV/cm, duration T = 10 ns, rise time t r = 0.9 ns and fall time t f = 0.9 ns. [36] Firstly, considering the isolated nucleated muscular cell, the temporal evolutions of plasma and the nuclear pore density for θ = 75 • have been evaluated using the dispersive and nondispersive model. This angle has been chosen because at such angular position the plasma and the nuclear membrane are both significantly electroporated. By the obtained results shown in Figure 3a , it can be inferred a relevant difference between the dispersive and nondispersive model. With reference to the packed system, Figure 4 shows the time response of the TMV and pore density at the angular placement θ = 75 • for both plasma and nuclear membranes. As a consequence of the external pulse application, the TMV increases approximately to 1.4 V for each cell. In particular, by an inspection of Figure 4a ,c it is evident that the TMV and the resulting activation of electroporation occur faster in the nuclear membranes. This occurrence is emphasized when nanoseconds pulses are used. In the present discussion, the cells membranes are considered to be significantly electroporated when the pore density reaches a value of 10 14 m −2 [21] . As a consequence, the plasma membrane of each cell is electroporated with exception of the cell 5 (see Figure 4b) . Furthermore, the electroporation activation for the plasma membrane of each cell occurs in different time instants resulting in the following sequence: cell 7 and cell 6, cell 2, cell 3, cell 4, cell 1, cell 5 (no electroporated). Instead, from Figure 4d it can be inferred that the nuclear membranes are all significantly electroporated at the same time instant and just after the pulse rising ends. In detail, the pores creation drives a growth of the membrane conductivity leading to a fast depletion of the TMV during the pulse fall time. The quickness of TMV decrease depends on the cell placement, geometrical shape and size of the considered membrane as well as by the mutual interaction between the cells. In the specific, as the nuclear membranes have a regular geometry, small size and a relevant electroporation, they are characterized by a more evident TMV depletion than plasma membranes. Figure 5 shows the spatial distribution of the TMV and pore density on cell membranes at time instant t = 20 ns. Furthermore, Figures 6 and 7 report the pore density versus the polar angle at time instant t = 20 ns for the plasma and the nuclear membranes of each cell, respectively. As reported in Figure 5b , the EP process originates within of the smoothed region of the plasma membrane of each cell becoming negligible at the equatorial (θ = 0 • and θ = 180 • ) and sharp (θ = ±90 • ) zones. Moreover, it is worth to notice that the pore density on the plasma perimeter concerning the cell 1, cell 2, cell 3, cell 5, cell 6, and cell 7 has an asymmetric distribution. In fact, the electric field and current paths strongly depend on the cell shape and arrangement. Moreover, because of the cell packing, the electric field shielding and coupling phenomena affect the TMV distribution (see Figure 5a ). On the other hand, since the central position of the cell 4 the corresponding pore density of the plasma membrane has a symmetric distribution (see Figure 6d) . The EPRL, i.e., the ratio between the length of the electroporated region and the total length of the cell membrane, changes, too. In fact, the cell 1, cell 2, cell 3, cell 5, cell 6, and cell 7 have an EPRL value of about 37% and a lower value of about 24% characterizes the cell 4. For the nuclear membranes, the pore density has a peak at the top and the bottom (θ = ±90 • ) being entirely negligible at the equatorial (θ = 0 • and θ = 180 • ). The nuclear EPRL of cell 1 and cell 7 is about 56.5% . Furthermore the nuclear EPRL of cell 2, cell 3, cell 5 and cell 6 is about 58%. Finally, the pore density of the nuclear membrane is symmetric only for cell 4 (see Figure 7d) , exhibiting an EPRL value of about 53.6%. Table 3 summarizes the simulation results pertaining both the plasma and nuclear EPRL. With reference to the sparse system, Figure 8 illustrates the temporal evolution of TMV and pore density at the angular placement θ = 75 • for both plasma and nuclear membranes. Also in this case, the increase of TMV and the resulting activation of EP occur faster in the nuclear membranes. As it can be inferred by an inspection of Figure 8b , the time instant corresponding to the full electroporation of the plasma membrane depends on the cell placement and the activation sequence is cell 6, cell 3, cell 7, cell 4, cell 2, cell 1, cell 5. In contrast to the packed system, in the sparse one all the cells are electroporated. This occurrence can be explained by considering that both the electric field shielding and coupling are weakened. However, also in this case, the nuclear membranes are significantly electroporated at the same time instant.The spatial distribution of the TMV and pore density on cell membranes at time instant t = 20 ns are reported in Figure 9 . Moreover, Figures 10 and 11 report the pore density versus the polar angle at time instant t = 20 ns for the plasma and the nuclear membranes of each cell, respectively. Also in this case, the electroporation process takes place within the smoothed region of the plasma membranes but, respect to the packed system, a symmetric spatial distribution occurs. In fact, because of the lower density the interference due to neighboring cells is mitigated. In order to better justify such statement, in Figures 12 and 13 have been reported the numerical results concerning the spatial distribution of the electric field and current density, respectively. The obtained numerical results highlight in the packed system the electric field and current flow are strongly affected by the neighboring cells. The cell arrangement also affects the EPRL of the plasma membrane and, in Table 4 the calculated values have been reported. It can be observed that in the sparse system the plasma membranes have an higher value of EPRL around 48%. On the other hand, the EPRL of the nuclear membranes slightly increases respect the values characterizing the packed system. 
Conclusions
In this work, a nonlinear dispersive numerical model describing the electroporation phenomenon in irregularly shaped multicellular systems has been developed and implemented. The electroporation process has been studied for two types of multicellular arrangements: packed and sparse systems. For each one, seven nucleated muscular-like cells have been considered, as well as a nanosencond pulsed electric field has been used as excitation source. The shape of each cell has been carefully modeled by using the Gielis' superformula. The model solves the asymptotic Smoluchowski's equation in conjunction with the Maxwells equations to calculate the pores evolution. Furthermore, in order to accurately evaluate the temporal variation of TMV and pore density, the dispersive properties of each cell media have been taken into account using the Debye relationship. By the computational analysis it has been inferred that the electroporation process is more evident in the sparse system. For their particular geometric shape, all muscle cells show a negligible pore density within the sharp region facing the electrodes. In both systems, the activation of electroporation occurs faster in the nuclear membranes. Moreover, the plasma membranes EP activation of each cell occurs in different time instants. Instead the nuclear membranes are all significantly electroporated at the same time instant. For each system, the electroporation relative length has been calculated, too. With reference to the packed system, the EPRL of the plasma membranes of the cell 1, cell 2, cell 3, cell 5, cell 6 and cell 7 is about 37% and a lower value of about 24% characterizes the plasma membrane of cell 4. The nuclear EPRL of the cell 1 and cell 7 is about 56.5%. Furthermore, the nuclear EPRL of cell 2, cell 3, cell 5 and cell 6 is about 58%. Cell 4 has a nuclear EPRL of about 53%. In the sparse system, an EPRL improvement is evident for the plasma membranes. In particular, the EPRL of the plasma membranes of the cell 1 and cell 7 is about 47%. An higher value of about 49% has been calculated for the cell 2, cell 3, cell 5 and cell 6, and a lower value of about 45% characterize the cell 4. Furthermore, the nuclear EPRL of all the cells is about 58%. As a conclusion, the sparse system being characterized by a lower interference between the neighbouring cells exhibits higher plasma and nuclear EPRL values than the packed system. Finally, this lower mutual interference between the cells in the sparse system is further highlighted by the symmetry of the spatial distribution of the plasma pore density that is absent in the case of the packed system. 
